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When Xenopus gastrulae are made to misexpress Xwnt.8, or are exposed to lithium ions, they develop with a loss of 
anterior structures. In the current study, we have characterized the neural defects produced by either Xwnt-8 or lithium 
and have examined potential cellular mechanisms underlying this anterior truncation. We find that the primary defect in 
embryos exposed to lithium at successively earlier stages during gastrulation is a progressive rostral to caudal deletion of 
the forebrain, while hindbrain and spinal regions of the CNS remain intact. Misexpression of Xwnt-8 during gastrulation 
produces an identical loss of forebrain. Our results demonstrate that l ithium and Wnts can act upon either prospective 
neural ectodermal cells, or upon dorsal mesodermal cells, to cause a loss of anterior pattern. Specifically, ectodermal cells 
isolated from lithium- or Wnt-exposed embryos are unable to form anterior neural tissue in response to inductive signals 
from normal dorsal mesoderm. In addition, although dorsal mesodermal cells from lithium- or Wnt-exposed embryos are 
specified properly, and produce normal levels of the anterior neural inducing molecules noggin and chordin, they show a 
greatly reduced capacity to induce anterior neural tissue in conjugated ectoderm. Taken together, our results are consistent 
with a model in which Wnt- or lithium-mediated signals can induce either mesodermal or ectodermal cells to produce a 
dominant posteriorizing morphogen which respecifies anterior neural tissue as posterior. © 1997 Academic Press 
INTRODUCTION 
The central nervous system (CNS) of vertebrates forms 
from a sheet of ectodermal cells in response to inductive 
signals emanating from the dorsal mesoderm during gastru- 
lation. In addition to inducing the formation of neural tis- 
sue, mesodermal signals are required for regionalization of
the CNS along its anterior-posterior axis. While early mod- 
els of regional neural induction stressed the importance of 
signals passed vertically from the involuted mesoderm to 
the overlying neural ectoderm, new evidence suggests that 
patterning signals may also be passed horizontally from the 
mesoderm and spread throughout the ectoderm in the ab- 
sence of involution (reviewed by Ruiz i Altaba, 1994). Al- 
though recent studies have begun to provide insight into 
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the molecular basis of neural induction and patterning (re- 
viewed by Kessler and Melton, 1994; Doniach, 1995), our 
understanding of this process remains incomplete. In this 
study, we have analyzed embryos in which neural pat- 
terning is disrupted either by misexpression of the proto- 
oncogene Xwnt-8, or by exposure to lithium ions, in order 
to examine potential cellular mechanisms involved in re- 
gionalization of the CNS. 
Xwnt-8 is a member of the Wnt gene family whose devel- 
opmental role has been studied extensively (reviewed by 
Moon, 1993). Xwnt-8 is expressed in ventrolateral mesoder- 
mal cells of late blastula through neuru]a stage embryos 
and is thought o play a crucial role in the specification of 
ventral mesodermal fate. When transcripts encoding Xwnt- 
8 are ectopically expressed in the dorsal mesoderm during 
gastrulation, dorsal mesodermal cells adopt a more ventral 
fate and differentiate as muscle, rather than notochord 
(Christian and Moon 1993). In addition, these embryos dis- 
play a loss of anterior neural structures, suggesting that 
ectopic Wnt signaling might interfere with mesodermally 
derived anterior inductive or patterning signals. 
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Exposure of Xenopus gastrulae to l ithium ions causes a 
loss of anterior neural structures that is outwardly similar 
to that observed following ectopic expression of Xwnt-8 
(Yamaguchi and Shinagawa, 1989). The extent of anterior 
truncation observed following exposure to l ithium is depen- 
dent on the developmental stage at which exposure occurs: 
embryos incubated in l ithium immediately after the mid- 
blastula transition (MBT), which marks the onset of zygotic 
gene transcription, suffer a more severe loss of anterior CNS 
than do those treated at progressively ater stages of gastru- 
lation. The observation that embryos become resistant o 
l ithium once gastrulation is complete, which coincides 
with the earliest point at which anterior-posterior pattern 
is firmly established within the neural ectoderm (Saha and 
Grainger, 1992), suggests that l ithium may interfere with 
the initial steps of neural patterning. While some studies 
suggest hat l ithium directly posteriorizes the neural ecto- 
derm (Lombard, 1952; Ogi, 1961), other evidence suggests 
that the primary target in l ithium-induced microcephaly is
the dorsal anterior mesoderm (Hall, 1942; Gallera, 1949; 
Masui, 1960, 1961). 
Components of several signal transduction pathways 
have been proposed to be targets for the action of l ithium 
(reviewed by Manji et al., 1995). In frog and fish embryos, 
dorsalization by l ithium results in ectopic translocation of 
the signaling molecule fl-catenin into nuclei (Schneider et 
al., 1996). Recently it was shown that l ithium inactivates 
the constitutively active kinase, glycogen synthase kinase- 
3fl (GSK-3fl), within cells (Klein and Melton, 1996), re- 
sulting in the accumulation of cytoplasmic fl-catenin 
(Stambolic et al., 1996). Inactivation of GSK-3fl is an obli- 
gate step in the Wnt signal transduction pathway and this 
finding may explain the molecular mechanism by which 
Wnts and l ithium produce similar patterning defects in Xen- 
opus embryos (reviewed by Moon, 1993). 
In the current study, we have further characterized the 
neural defects produced by exposure to l ithium or by aber- 
rant activation of the Wnt-signaling pathway in Xenopus 
embryos, and have examined potential cellular mechanisms 
underlying these patterning defects. We find that the pri- 
mary defect in embryos that are exposed to l ithium at suc- 
cessively earlier stages during gastrulation is a progressive 
rostral to caudal deletion of the forebrain, while hindbrain 
and spinal regions of the CNS remain intact. Misexpression 
of Xwnt-8 during gastrulation produces an identical oss of 
forebrain. Our analyses of the specification and inductive 
capability of dorsal mesodermal cells, and of the compe- 
tence of ectodermal cells to respond to anterior inductive 
signals in these embryos, suggest that exposing either meso- 
dermal or ectodermal cells to lithium, or to a Wnt ligand, 
can cause a loss of anterior pattern. Furthermore, our data 
suggest hat anterior inductive signaling is intact in Xwnt- 
8-misexpressing and in lithium-treated embryos. Taken to- 
gether, our results are consistent with a model in which 
the observed loss of forebrain is due to the ability of l ithium 
or ectopically expressed Wnts to induce either ectodermal 
or mesodermal cells to generate a secondary, non-cell auton- 
omous signal that dominantly patterns induced neural tis- 
sue as posterior. 
MATERIALS AND METHODS 
Embryo Culture 
Embryos of Xenopus laevis were obtained by in vltro fertilization 
in 1× modified Barth's solution (MBS), dejellied in 2% cysteine, 
pH 7.8, and reared in 0.1× MBS as described previously (Moon and 
Christian, 1989). Embryos were staged according to Nieuwkoop 
and Faber (1967). 
For the LiC1 treatments, taged embryos were immersed in 0.25 
M LiC1 in 0.1 x MBS for 20 min followed by several rinses in 0.1 x 
MBS. For misexpression f Xwnt-8 or fl-catenin in the dorsal meso- 
derm, 100 pg of pCSKA-Xwnt-8 (Christian and Moon, 1993) or 50- 
100 pg of pCS2-/3-catenin (consisting of the Armadillo repeat region 
of fl-catenln) was injected on either side of the dorsal midline of 
four cell embryos and just below the animal-vegetal midline. After 
several hours, the embryos were rinsed and incubated in 0.1 x MBS 
until desired stages were reached. 
Confocal Microscopy 
Embryos were fixed for several days in Bouin's fixative and then 
washed repeatedly in alkaline ethanol to remove the picric acid as 
described by Denegre and Danilchik (1991). Pigment granules were 
bleached by incubating the embryos in 50% ethanol/15 % H202 for 
2 hr on a fluorescent light box. The embryos were dehydrated 
through an ethanol series, mounted on a coverslip-based cuvette 
in 2:1 benzyl benzoate:benzyl alcohol, and then viewed under epi- 
fluorescence with fluorescein excitation using a Zeiss Axiovert in- 
verted microscope connected to a Bio-Rad MRC500 scanning laser 
confocal imaging system. Ten to 20 images were captured, aver- 
aged, and stored digitally. 
In Situ Hybridization 
In situ hybridization using digoxygenin-labeled RNA probes was 
performed as described by Harland (1991) except that, in some 
cases, hybridized probes were detected with the chromagen BM 
purple (Boerhinger Mannheim) according to the manufacturer's in- 
structions. The probes used were transcribed as previously reported 
for Xwnt-8b (Cui et al., 1995), X-dll3 (Papalopulu and Kintner, 
1993), engrailed (En-2) (Hemmati-Brivanlou et al., 1990), XKrox-20 
(Bradley et al., 1993), goosecoid (gsc) (Cho et al., 1991), and Xotx2 
(Blitz and Cho, 1995). 
Recombinants 
Ectoderm and dorsal mesoderm were isolated from control or 
experimental embryos at stage 10 using watchmaker's forceps and 
eyebrow hair knives. In some cases, explants of dorsal mesoderm 
or ectoderm were exposed to 0.25 M LiCI in ½ strength normal 
amphibian medium (NAM; Slack, 1984) for 20 min. Explants were 
then washed extensively and cultured in a large volume of ½ 
strength NAM supplemented with 0.05 mg/ml gentamicin, 100 U/ 
ml penicillin, and 100 mg/ml streptomycin until sibling embryos 
reached stage 10.5. Recombinants of dorsal mesoderm and ecto -  
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derm were made by placing the mesoderm in the pocket formed 
by folding the explanted ectoderm with former inner surfaces facing 
each other and allowing the tissues to fuse. For morphological scor- 
ing, recombinants were cultured to stage 45 and examined for eye 
pigment and cement glands. Some recombinants were embedded 
in paraffin, sectioned (Kelly et al., 1991), and examined histologi- 
cally. For RNA analysis, recombinants were cultured to stage 27 
and frozen in liquid nitrogen prior to RNA extraction. In all experi- 
ments, sibling lithmm-treated or Xwnt-8-injected embryos were 
allowed to age to stage 40 and assayed for anterior truncation. Only 
those experiments inwhich greater than 95 % of intact sibling em- 
bryos showed acomplete loss of eyes were included in the results. 
Reverse Transcription-Polymerase Chain Reaction 
(RT-PCR)-Based Analysis of Gene Expression 
RT-PCR was performed on total RNA isolated from recombi- 
nants and embryos as described by Cui et al. (1996). Briefly, total 
RNA was reverse transcribed using a cDNA synthesis kit according 
to manufacturers instructions (Life Sciences) with and without en- 
zyme. An aliquot of each first strand reaction was then annealed 
with primers and subjected to multiple rounds of PCR in the pres- 
ence of [a~P]dCTP. Ten to 20% of each reaction was loaded and run 
on a 5 % polyacrylamlde g l. The gel was dried, exposed to a phos- 
phor screen, and scanned on a Molecular Dynamics 8500 phos- 
phorimager. The sequences ofNCAM, El:-lc~, and goosecoid prim- 
ers (Kengaku and Okamoto, 1995), and of Xotx2 primers (Blitz and 
Cho, 19951, have been reported previously. The sequences of 
chordin and noggin primers are as follows: chordm (upstream, 5'- 
GAGCCTAGATAATCAGTC-3'~ downstream, 5'-AGCAGGATC- 
ATGCAGAT-3') and noggin (upstream, 5'-CAGCATGAGCAT- 
TTG-3', downstream, 5'-GTGTGCAGCATGGATC-3'). 
RESULTS 
Misexpression of Xwnt-8 and Exposure to Lithium 
Ions Produces a Loss of Forebrain and Midbrain 
Exposure of Xenopus late blastulae and early gastrulae to 
lithium resulted in the graded loss of anterior CNS (Fig. 1). 
The extent of anterior truncation was greatest in embryos 
treated shortly after the MBT and was less evident in em- 
bryos treated at later stages of gastrulation. The severity of 
the effect of lithium treatment was scored as described by 
Yamaguchi and Shinagawa (1989) with a minimal loss of 
anterior CNS structures labeled P1, absence of eyes and 
cement gland but essentially normal posterior structures 
labeled P2, absence of anterior and reduction of posterior 
structures labeled P3, and the most severe deficiencies in 
both head and tail labeled P4 (Table 1). In the majority of 
embryos treated with lithium near the end of gastrulation 
(stage 12) and allowed to mature to tailbud stages, the extent 
of anterior loss ranged from the possession ofpartial or fused 
eyes and a reduced cement gland (P1, Fig. 1B) to a complete 
absence of these anterior structures (P2, Fig. 1C). Midgas- 
trula stage (stage 11) embryos treated in an identical manner 
developed with more severe anterior truncations and many 
displayed reduced posterior structures as well (P3, Fig. 1D). 
Embryos exposed to lithium at the onset of gastrulation 
(stage 10) generally lacked all anterior structures, including 
eyes and cement glands, and showed a greater loss of poste- 
rior structures as well (P3 and approaching the most severe 
P4 phenotype, Figs. 1D and 1E). All embryos treated with 
lithium prior to gastrulation (stage 9) displayed a P3 or P4 
phenotype, showing a loss of anterior and posterior struc- 
tures and assuming a more rounded shape. 
The anterior truncations observed following exposure to 
lithium are superficially similar to those produced by mis- 
expression of Xwnt-8 (Fig. IF) (Christian and Moon 1993). 
Injection of an expression plasmid encoding Xwnt-8 into 
dorsal blastomeres of four-cell embryos results in ectopic 
expression of Xwnt-8 in the progeny of these blastomeres 
beginning just prior to gastrulation. This causes a range of 
anterior truncations as indicated in Table i. Posterior de- 
fects are less pronounced in Xwnt-8 plasmld-injected em- 
bryos than in lithium-treated embryos, possibly due to the 
restriction of ectopic Xwnt transcripts primarily to dor- 
soanterior cells while all regions of the embryo are exposed 
to lithium. Thus, Xwnt-injected embryos were scored based 
on degree of anterior truncation alone. 
To further characterize the neural defects produced by 
exposure to either lithium or ectopic Xwnt-8, the expression 
of molecular markers of specific anterior or posterior e- 
gions of the CNS was analyzed in experimental embryos. 
Lithium-treated or untreated sibling embryos were cultured 
to a tailbud stage (stage 30) and assayed, using whole mount 
in situ hybridization, for the presence and localization of 
transcripts encoding the following regional neural markers: 
X-dll3, a marker of the ventral diencephalon (Fig. 2A, open 
white arrow) and telencephalon (Fig. 2A, open black arrow) 
(Papalopulu and Kintner, 1993); Xwnt-8b, whose expression 
is normally restricted to the dorsal diencephalon (Fig. 2B, 
arrow) and cells near the midbrain-forebrain boundary (Fig. 
2B, arrowhead) (Cui et al., 1995); En-2, a marker of the mid- 
brain-hindbrain junction (Fig. 2C, arrow) (Hemmati-Bri- 
vanlou and Harland, 1989); and XKrox-20, which is nor- 
mally expressed in rhombomeres 3 and 5 of the hindbrain 
(Fig. 2D, arrowheads) (Bradley et al., 1993). In addition to 
being a forebrain marker, X-dlI3 is also expressed in the 
olfactory and otic placodes (Fig. 2A, arrowheads), and in the 
neural crest-derived branchial arches (Fig. 2A, solid arrows). 
Exposure of embryos to lithium at progressively earlier 
stages during gastrulation resulted in a consecutive rostral 
to caudal oss of expression of the forebrain-speciffc mark- 
ers, X-dll3 and Xwnt-8b, while expression of more posterior 
neural markers was maintained even in the most severely 
affected embryos (Fig. 2). Embryos treated with lithium 
when gastrulation was nearly complete (stage 12), and 
which displayed a P1 phenotype, maintained expression of 
X-dll3 in the ventral diencephalon at the tailbud stages 
(open white arrow, Fig. 2E), but expression i  the telenceph- 
alon was greatly reduced or absent. In similarly treated sib- 
ling embryos, a single stripe of Xwnt-8b-expressing cells 
was observed, but this stripe was located at a slightly more 
anterior position relative to controls (Fig. 2F). Thus, expo- 
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FIG. Is Exposure of Xenopus gastrulae to hthium or ectoplc Xwnt-8 results in the loss of anterior structures. Embryos were treated with 
lithium at gastrula stages 12 (B), 11 (C), 10 (D), and 9 (E) or injected with pCSKA-Xwnt-8 m the dorsal marginal zone at the 4-ceU stage 
(F) and allowed to grow to the tailbud stage (stage 30). Control embryos (A) possess eyes (arrow) andcement gland (arrowhead) while these 
structures are reduced or absent in the lithium-treated and Xwnt-8-misexpressing embryos. The scale of the extent of posteriorization 
(P1-P4) corresponds to that described in Yamaguchl and Shinagawa (1989). 
TABLE 1 
Degree of Anterior Truncation of Xenopus Embryos Exposed to 
Lithium or Ectopic Xwnt-8 during Gastrulation 
Phenotype 
WT P1 P2 P3 P4 n 
Control 97 3 0 0 0 285 
Lithium, stage 12 3 17 53 26 1 145 
Lithium, stage 11 0 4 49 43 4 221 
Lithium, stage 10 0 0 27 37 36 165 
Lithium, stage 9 0 0 0 8 92 160 
Xwnt-8 2 13 0 49 36 296 
Note. Embryos were exposed to lithium chloride at the indicated 
stages or were made to misexpress Xwnt-8 by inlection of a plasmid 
expression construct into dorsal blastomeres. They were then cul- 
tured to tailbud stage (stage 30) and scored for loss of anterior struc- 
tures as described in the text, and as illustrated in Fig. 1. All num- 
bers are expressed as percentages xcept for n which denotes sample 
s i ze .  
sure of late-gastrula-stage embryos to hth ium resulted in a 
loss of rostral (telencephalic) but not caudal (diencephalic) 
portions of the forebrain. In contrast, expression of En-2 
(Fig. 2G) and XKrox-20 (Fig. 2H) was unchanged, suggesting 
that the organization of the hindbrain was not perturbed by 
exposure to l i th ium at the late-gastrula stage. 
Embryos treated with l ithium at stage 11, and which were 
characterized as a P2 phenotype, exhibited a further loss of 
expression of forebrain-specific markers relative to siblings 
treated at stage 12. Expression of X-dlI3 in the CNS was re- 
duced to a narrow row of cells, presumably corresponding to
the remaining portion of the ventral diencephalon (Fig. 2I, open 
white arrow). In addition, expression of X-dlI3 was detected in 
the otic placode and in the branchial arches, albeit at reduced 
levels. In contrast, the domain of Xwnt-8b expression broad- 
ened to encompass the entire anterior tip of the CNS (Fig. 2J). 
Expression of En-2 (Fig. 2K) and XKrox-20 (Fig. 2L} was rela- 
tively unperturbed in these embryos, although the stripe of 
En-2-expressing cells was located nearer to the anterior end 
than it was in untreated or stage 12 treated siblings• 
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FIG. 2. Exposure to lithium during late-blastula through gastrula stages results in deletion of part or all of the forebrain. Untreated 
embryos or embryos treated with lithium at stages 9-12 (as indicated to the right of each row) were cultured to the tailbud stage (stage 
30) and hybridized with digoxygenin-labeled X- ll3, Xwnt-8b, En-2, and XKrox-20 probes, as indicated at the top of each column. All 
embryos are oriented with anterior to the left of the figure and dorsal toward the top of the figure. (A) X-dll3 staining of branchial arches 
(arrows), otic and olfactory placodes (arrowheads), telencephalon (open black arrow), and ventral diencepha.lon (open white arrow} is 
indicated. (B) Arrow denotes taining of the dorsal diencephalon and arrowhead indicates taining of cells at the forebrain-midbrain 
boundary following hybridization with an Xwnt-8b probe. (C) Arrow indicates En-2 signal in cells at the midbrain-hindbrain boundary. 
(D) XKrox-20 staining of rhombomeres 3 and 5 of the hindbrain is indicated by arrowheads. 
Embryos exposed to l ithium at stage 10, which exhibited 
a P3 phenotype, had no detectable xpression of X-dll3 indi- 
cating a loss of neuraL, neural crest-, and placode-derived 
structures (Fig. 2M). Expression of Xwnt-8b was observed 
in a broad region at the extreme anterior pole of the embryo 
(Fig. 2N). Because Xwnt-8b is normally expressed both in 
the forebrain, and in cells at the forebrain-midbrain junc- 
tion (Fig. 2B), it is not clear whether the Xwnt-8b-expressing 
cells in these embryos reflect an expansion of the dorsal 
diencephalon, or whether they correspond to an expanded 
boundary region. The domain of En-2 expression in embryos 
displaying a P3 phenotype was considerably broader and 
was located at a more anterior position than in sibling con- 
trols, such that it appeared to directly abut the domain of 
Xw~t-8b expressing ceils (Fig. 20). Two stripes of XKrox-20- 
expressing cells were present and these occupied a position 
nearer to the anterior end of the embryo than in untreated 
siblings (Fig. 2P). 
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FIG. 3. Exposure to lithium at the late-blastula stage results in 
the loss of both forebrain and midbram. Untreated embryos (A) or 
embryos treated with lithium at stage 10 (B) or 9 (C) were cultured 
to stage 32 and hybridized with digoxygenin-labeled Xotx2 ribo- 
probes. Staining of the telencephalon (open black arrow), the ven- 
tral dieneephalon (open white arrow), and the midbrain (between 
filled arrows) is indicated 
Greater than 95% of embryos exposed to lithium at stage 
9 had no detectable xpression of either X-dI13 (Fig. 2Q) or 
Xwnt-8b (Fig. 2R), indicating a complete loss of forebrain. 
In addition, expression of En-2 was observed in a broad re- 
gion at the extreme anterior end of the embryo. XKrox-20 
transcripts were still detected in two stripes of cells located 
caudal to the En-2-expressing cells (Fig. 2T). 
The fact that En-2 is not normally expressed in the mid- 
brain, but is restricted to cells at the midbrain-hindbrain 
boundary, together with the absence of cells anterior to the 
En-2 expression domain in embryos treated with lithium at 
stage 9, suggests that the midbrain, as well as the forebrain, 
may be absent in these embryos. To assay for the presence of 
midbrain structures in embryos displaying the most severe 
anterior truncation, we examined the expression of Xotx2 
in embryos treated with lithium at stages 9 and 10. In con- 
trol stage 32 embryos, Xotx2 is expressed in the forebrain, 
in the eyes and in the entire midbrain with the caudal imit 
of expression at the midbrain-hindbrain boundary IBlitz 
and Cho, 1995; Pannese t al., 1995) (Fig. 3A). Exposure of 
stage 10 embryos to lithium resulted in the loss of expres- 
sion of Xotx2 except at the anterior extreme of the embryo 
(Fig. 3B). Virtually all embryos treated with l ithmm at stage 
9 lacked detectable Xotx2, indicating a complete loss of 
the midbrain (Fig. 3C). Together, these results suggest hat 
treatment of embryos with lithium at progressively earlier 
stages of gastrulation results in a progressive loss of fore- 
brain and midbrain. 
The expression pattern of regional neural markers was 
also assayed in embryos made to misexpress Xwnt-8. Ex- 
pression of En-2 and XKrox-20 was intact in all Xwnt-8- 
plasmid-injected embryos (data not shown), although ex- 
pressing cells generally occupied a position nearer to the 
anterior end than in untreated siblings, similar to that 
shown in Figs. 20 and 2S (En-2) and Figs. 2P and 2T (XKrox- 
20) for lithium-treated embryos. In contrast, expression of 
X-dll3, Xwnt-8b, and Xotx2 was attenuated (Figs. 4D-4F) 
or was missing (Figs. 4G-4I) in experimental embryos (Ta-
ble 2). In general, the pattern of expression of these regional 
neural markers in Xwnt-8-plasmid-injected mbryos was 
very similar to that observed in embryos that had been 
treated with lithium at early or pregastrula stages with the 
exception that the expression of X-dlI3 in otic placodes was 
always observed in embryos made to misexpress Xwnt-8 
(Fig. 4G), whereas this expression was almost always absent 
in lithium-treated embryos (Figs. 2M and 2Q). These results 
show that ectopic expression of Xwnt-8 in the dorsal meso- 
derm, or exposure to lithium during gastrulation, leads to 
a loss of forebrain and in severe cases, midbrain. 
Exposure to Lithium or Ectopic Xwnt-8 during 
Gastrulation Retards the Involution of Dorsal 
Mesoderm 
Although the primary defect observed following exposure 
to lithium or ectopic Xwnt-8 is a loss of anterior neural 
structures, normal induction, and anterior-posterior pat- 
terning of the CNS require signals from the underlying dor- 
sal mesoderm during gastrulation (reviewed by Ruiz i A1- 
taba, 1994). To begin to assay for mesodermal defects which 
might secondarily lead to defects in neural patterning, we 
examined the extent of dorsal mesodermal involution in 
lithium-treated and Xwnt-8-misexpressing embryos rela- 
tive to untreated siblings. Embryos were incubated in lith- 
ium-containing medium prior to, or during gastrulation, r 
were injected with Xwnt-8 plasmid DNA, and the extent 
of dorsal mesodermal involution was assayed at the end of 
gastrulation (stage 13). As shown in Fig. 5, embryos exposed 
to lithium at late- (Fig. 5B), mid- (Fig. 5C), early- (Fig. 5D), 
and pregastrula (Fig. 5E) stages, respectively, displayed a 
progressive shortening of the archenteron relative to sibling 
controls, reflecting an increasingly severe blockade of meso- 
dermal involution. While embryos treated at the late gas- 
trula stage possessed an archenteron that was slightly 
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FIG. 4. Misexpresslon of Xwnt-8 in the dorsal mesoderm results in the loss of both forebrain mad mldbram. Untreated embryos (A-C) or embryos 
made to misexpress Xwnt-8 in the dorsal mesoderm during gastrulation (D-I) were cultured to tai bud stage and hybridized with digoxygenin- 
labeled X-dll3, Xwnt-8b, and Xotx-2 probes as indicated above each column. All embryos are oriented with nterior to theleft, and dorsal toward 
the top of the figure. (A) X-dlI3 staining of branchial arches (small black arrows), ouc (large black arrow) and olfactory (black arrowhead) placodes, 
telencephalon (open black arrow), and ventral diencephalon (open w ite arrow) is indicated. Staining of the ventral diencephalon is partially out 
of the plane of focus in this figure and thus appears reduced relative to that shown in Fig. 2A. (B} Arrow denotes staining of the dorsal diencephalon 
and arrowhead indicates staining of cells at the forebram-midbram boundary following hybndizatlon with an Xwnt-Sb probe. (C) Xotx-2 staining 
of the telencephalon (open black arrow), and the rnidbrain (between filled arrows) is indicated. 
shorter than untreated controls (Fig. 5B), embryos exposed 
to lithium at the late-blastula stage displayed minimal invo- 
lution of the dorsal mesoderm such that the archenteron 
failed to form, the blastocoel remained expanded, and blas- 
topore closure was delayed or incomplete (Fig. 5E). Thus, 
lithium exposure at progressively earlier time points during 
gastrulation results in an increasingly more drastic retarda- 
tion of mesodermal involution, the severity of which corre- 
lates with the extent of anterior neural truncation that is 
observed at later stages. Embryos made to express ectopic 
Xwnt-8 in the dorsal mesoderm also suffered a retardation 
of mesodermal involution and a shortened archenteron (Fig. 
5F) which, in about 75% of the cases, resembles that pro- 
duced by lithium treatment of midgastrulae. The effect of 
ectopically expressed Xwnt-8 on mesodermal involution is, 
in most cases, less severe than the effect of exposing late 
blastulae or early gastrulae to lithium. This may be due to 
the fact that expression of plasmid-derived Xwnt-8 initiates 
during the late-blastula stage, and consequently, effective 
levels of Xwnt ligand would not be reached until after this 
time. Together, these results demonstrate hat either expo- 
sure to lithium or misexpression of Xwnt-8 during gastrula- 
tion retards the involution of the dorsal mesoderm. 
Dorsal Mesoderm from L i th ium.Treated and Xwnt- 
8-Misexpressing Embryos Is Properly Specified 
Having determined that exposure to lithium alters the 
morphogenetic movements of dorsal mesodermal cells, we 
next asked whether this might be due to a change in the 
specification of these cells. The gsc gene encodes a homeo- 
domain protein which is expressed specifically in the lead- 
ing dorsoanterior mesoderm (i.e., prechordal mesoderm} 
during gastrulation (Cho et al., 1991). Previous tudies have 
shown that expression of gsc is not perturbed in dorsal me- 
sodermal cells made to misexpress Xwnt-8 during gastrula- 
tion (Christian and Moon, 1993). To determine whether 
expression of gsc is altered in lithium-treated embryos rela- 
tive to controls, embryos were exposed to lithium at the 
late-blastula stage, fixed at progressively ater stages of gas- 
trulation, and then assayed for gsc expression using whole- 
mount in situ hybridization. When analyzed at the late- 
blastula and early-gastrula stages, lithium-treated (Figs. 6B 
and 6D) and untreated embryos (Figs. 6A and 6C) showed 
an identical pattern of expression of gsc within dorsal meso- 
dermal cells located in an arc extending approximately 30 ° 
on either side of the dorsal midline. At stage 10.5, gsc-ex- 
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TABLE 2 
Expression of Forebram- and Midbraln-Specific Genes in Embryos 
Made to Misexpress Xwnt-8 in Dorsal Mesodermal Cells 
Level of expresmon m CNS relative to control 
Gene Absent Reduced Normal n 
X-dll3 88 10 2 84 
Xwnt-8b 88 11 1 75 
Xotx-2 27 70 3 60 
Note. Xwnt-8-misexpressing embryos werecultured to tailbud 
stage 30 and CNS-specific expression of the indicated genes was 
analyzed by whole-mount m sltu hybridization. Expression was 
scored as absent (no staining of cells in the CNS), reduced (limited 
staining of cells located at the extreme anterior end of the embryo), 
or normal (identical to control). Numbers are expressed as percent- 
ages except for n which denotes ample size. 
pressing cells had begun to involute around the dorsal ip of 
the blastopore in both l i th ium-treated (Fig. 6F) and control 
embryos (Fig. 6E). After this time, there was a marked differ- 
ence in the posit ion of gsc-expressing cells in l i th ium- 
treated embryos relative to controls. Specifically, in control 
embryos, gsc-expressing ceils involuted toward the future 
anterior end of the embryo, such that they occupied a final 
posit ion underlying the most anterior neuroectoderm (Figs. 
6G and 6I). By the end of gastrulation (Fig. 6I) and during 
neurulat ion (data not shown), gsc expression was also 
observed in the anterior neural ectoderm, consistent with 
reports of gsc expression in the neural ectoderm of other 
species (Storey et al., 1992; Thisse et ai., 1994). In l i th ium- 
treated embryos, gsc-expressing ceils were present hrough- 
out gastrulation, but these cells failed to involute com- 
pletely and remained clustered at, and just anterior to, the 
dorsal blastopore lip (Figs. 6H and 6J). While gsc has been 
impl icated as a molecular signal that drives the involution 
of dorsal mesodermal cells during gastrulation (Niehrs et 
aI., 1993), our results show that it is insufficient o do so 
in the presence of the l i thium- or Xwnt-8-induced efect. 
To further determine whether l i th ium treatment or mis- 
expression of Xwnt-8 alters the specification of chordal or 
prechordal mesoderm, we used a PCR-based assay to com- 
pare the relative levels of expression of the dorsal meso- 
derm-specific genes gsc, chordin (Sasai et al., 1994), and 
noggin (Smith and Harland, 1992) in experimental nd con- 
trol embryos. As shown in Fig. 7A the levels of expression 
of gsc and chordin were identical in Xwnt-8-misexpressing, 
l i thium-treated, and control embryos. Furthermore, when 
penetration of l i th ium into the embryo was optimized by 
treating explanted orsal mesodermal cells with l i thium, 
levels of gsc and chordin remained comparable to those 
FIG. 5. Exposure to lithium during gastrulation ormisexpresslon f Xwnt-8 retards involution of the dorsoantenor mesoderm. Mldsagittal 
confocal images of an untreated embryo (A) and of embryos treated with lithium at stage 12 (B), 11 (C), 10 (D), or 9 (E) or made to 
misexpress Xwnt-8 in the dorsal mesoderm (F) and then cultured to stage 13. Arrowhead in each panel marks the position of the yolk 
plug while the archenteron is denoted by an arrow and the blastocoel by an asterisk. Dorsal is toward the top of the micrograph. 
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FIG. 6. Expression of goosecoid in the dorsoanterior mesoderm is
not perturbed by exposure to lithium. Control embryos (A, C, E, 
G, I) and embryos treated with lithium at stage 9 (B, D, F, H, J) were 
fixed at stages 9-13 and hybridized with a digoxygenin-labeled 
antisense goosecoid (gsc) probe. (A, B) Stage 9, vegetal view. (C, D) 
Stage 10, vegetal view. (E, F) Stage 10.5, vegetal view. (G, H) Stage 
11.5, lateral view. (I, J) Stage 13, lateral view. Arrows indicate the 
dorsal blastopore lip and arrowheads mark the yolk plug. 
observed in control explants (Fig. 7B). Expression of noggin 
was likewise unchanged by l ithium or ectopically expressed 
Xwnt-8 (data not shown}. In situ hybridization analyses con- 
firmed that transcripts for chordin, noggin, and follistatin 
were properly localized within dorsal mesodermal cells in 
Xwnt-8-misexpressing and lithium-treated embryos, al- 
though the involution of these cells was retarded (data not 
shown). Taken together, our data suggest hat exposure of 
dorsal mesoderm to ectopic Wnt signals or to l ithium does 
not alter the proper specification of these cells but does 
inhibit their involution. 
Lithium and Xwnt-8 Can Act upon Mesodermal or 
Ectodermal Cells to Posteriorize Neura l  Fate 
In order to assay the effects of LiC1 or Xwnt-8 misexpres- 
sion on the anterior-inductive capacity of dorsal mesoderm 
or on the competence of the ectoderm to respond to ante- 
riorAnductive signals, we generated recombinants of ecto- 
derm and mesoderm as illustrated above Table 3, using tis- 
sues isolated from control and experimental embryos at 
stage 10. Recombinants were cultured to control stage 40 
and analyzed visually, and in some cases histologically, for 
the differentiation of eyes and cement gland (Table 3). In 
addition, some recombinants were cultured to stage 23 or 27 
and assayed for expression of the anterior- and pan-neural- 
specific genes, Xotx2 and N-CAM, respectively (Fig. 8). 
As described below, both l ithium and Wnt signals can 
reduce the ability of dorsal mesodermal cells to induce ante- 
rior neural tissue in conjugated ectoderm. Specifically, 
while recombinants of dorsal mesoderm and ectoderm iso- 
lated from control embryos formed anterior structures (Ta- 
ble 3, recombinant A), and expressed the anterior-specific 
gene, Xotx2 (Figs. 8E and 8M), recombinants of control ecto- 
derm and mesoderm made to misexpress Xwnt-8 rarely 
formed eyes (Table 3; recombinant B) and expressed very 
little Xotx2 (Fig. 8, compare E and F). To test the possibility 
that Wnts can act directly on dorsal mesodermal cells to 
interfere with induction of anterior neural tissue, as op- 
posed to being secreted and acting instead on ectodermal 
cells, mesodermal cells made to misexpress fl-catenin, a 
known downstream component of the Wnt-signaling path- 
way, were conjugated with control ectoderm. These recom- 
A 
B 
Control 
Control RT- 
LiCI 
Xwnt-8 DMZ 
Control Explant ~ ~ I 
FIG. 7. Exposure to LiC1 or misexpression f Xwnt-8 does not alter 
expression of chordin or goosecoid. (A). Control embryos, embryos 
made to misexpress Xwnt-8 in dorsal mesodermal cells (Xwnt-8 
DMZ) and embryos treated with lithium at stage 9 were cultured 
to stage 13 and RNA extracted from 2 embryos in each group. 
Expression of chordin, gsc, and EF-la was assayed by RT-PCR. All 
data shown in A are from a single experiment. (B). The dorsal mar- 
ginal zone (DMZ) was explanted from stage 10 embryos and was 
either left untreated (control explant) or was treated with lithium 
for 20 rain (LiC1 explant}. Explants were cultured to sibling stage 
13 following which RNA was extracted from 4 explants in each 
group and the expression of chordin, gsc, and EF-I~ assayed by RT- 
PCR. All data shown in B are from a single experiment. 
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TABLE 3 
Eye and Cement Gland Induction in Recombinants of Ectoderm and Mesoderm from Embryos 
Exposed to LiCl or Expressing Ectopic Xwnt-8 
Animal Cap 
Ectoderm 
Recombinant 
A 
B 
C 
D 
E 
F 
G 
H 
I 
Recombinant 
control ectodcrm 
Total 
121 
w/eye (%) 
48 (40) 
w/CG (%) 
99 (82) 
control mesodemi 
control ectoderm 
mesoderm, Xwnt-8 DMZ 
control ectoderm 
mesoderm, /katenin DMZ 
control ectoderm 
mesoderm, LiCl treated embryo 
control ectoderm 
mesoderm, LiCl treated explant 
ectoderm, Xwnt-8 DMZ 
control mesoderm 
ectoderm. Xwnt-8 animal Dole 
control mesoderm 
ectodenn. LiCl treated embrvo 
control mesoderm 
ectoderm, LiCl treated exDlant 
control mesoderm 
89 0 (0) 
22 1 (3 
62 21 (34) 
33 1 (3) 
41 13 (32) 
35 1 (3) 
42 0 (0) 
26 0 (0) 
9 (10) 
6 (27) 
50 (81) 
20 (61) 
33 (80) 
12 (34) 
9 (21) 
14 (54) 
Note. Ectoderrn and dorsal mesoderm isolated from stage 10 control or experimental embryos 
was conjugated as illustrated above. Ectoderm-mesoderm recombinants were cultured until sibling 
embryos reached stage 40 and were scored for the presence of eye(s) and cement gland (CG). Data 
are shown as the number of recombinants, followed by percentage of recombinants [in parentheses) 
possessmg an eye or cement gland. An example of a representative recombinant that possesses an 
eye (arrow] and cement gland (arrowhead) IS shown above the table. DMZ, dorsal marginal zone. 
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coo, ro, toderm | :  | G 
mesOderm, LICI treated embryo 
ectoderm Xwnt8 DMZ H 
control mesoderm 
ectoderm, LICI treated embryo 
control mesoderm - ~ "  ~ , :  I 
8t.23 control FIT- ""~ ~'~5~ . . . . . . . .  
control ectoderm 
control ectoderm 
ectoderm, LMCI treated exNant 
"~-~rO"'dersa, m'esoderm ~ ~ ~ 0 
ectoderm, Xwnt8 animal pote ~'~7 ~'~-" 
control dorsal mesoderm , . ..... 
FIG. 8. Expression of Xotx2 and NCAM m recombinants of ecto- 
derm and mesoderm from lithium-treated or Xwnt-8 misexpressmg 
embryos. Embryos were made to misexpress Xwnt-8 by rejection 
of a plasmid expression construct into dorsal marginal zone (DMZ) 
or animal pole cells at the 4-cell stage, or were treated wi h hthium 
at stage 9. In some cases, explants of mesoderm (N) o  ectoderm 
(O), rather than whole embryos, were treated wi h lithium. Ecto- 
derm and mesoderm isolated from control, hthlum-treated, or 
Xwnt-8-mlsexpressing embryos at stage 10 were conjugated as il- 
lustrated above Table 3 and cultured ntil sibling embryos reached 
stage 23 (A-I) or 27 (J-P). RNA was extracted from whole embryos 
(embryo) or from mesoderln/ectoderm conjugates (recombinants) 
and expression of X tx2, NCAM, and EF-la was assayed by RT- 
PCR. Eqmvalent aliquots of RNA from each sample (whole control 
embryo RNA shown) were analyzed in the presence and absence 
(RT-) of reverse transcriptase {RT)to demonstrate hat the signal 
was not due to contamination of RNA with genomic DNA. Data 
shown in A-I are from one single experiment and those shown in 
J-P are from a second experiment. 
binants, like those of Wnt-expressing mesoderm and control 
ectoderm, showed a greatly reduced capacity to form eyes 
and cement gland (Table 3~ recombinant C). Since fl-catenin 
acts intracellularly, it must be directly affecting mesoder- 
mal rather than ectodermal cells to produce this phenotype. 
Mesoderm isolated from embryos exposed to lithium re- 
tained some artterior inductive capacity as evidenced by eye 
formation (Table 3; recombinant D) although expression of 
Xotx2 was reduced to75 % of control evels in several exper- 
iments (Fig. 8, compare E and G), as assayed by computer 
analysis of phosphorimager band intensity. However, when 
dorsal mesoderm was explanted from stage 10 embryos, and 
the explant was treated with lithium to ensure complete 
penetration, the ability of this mesoderm to reduce eyes 
was virtually lost (Table 3; recombinant E}and a 50 % reduc- 
tion in expression of Xotx2 was observed (Fig. 8, compare 
lanes M and N). Although exposure of mesodermal cells to 
lithium or Xwnt-8 reduced the ability of these cells to in- 
duce anterior neural tissue in conjugated ectoderm, they 
did not interfere with neural induction per se as evidenced 
by expression of the pan-neural gene N-CAM (Fig. 8). In 
addition, all recombinants expressed En-2 as analyzed by 
whole-mount m situ hybridization (data not shown). Be- 
cause it is not possible to precisely control timing of ectopic 
Xwnt-8 expression, or to control for penetrance of lithium 
into different issue, we cannot quantitatively compare the 
effects of lithium and Xwnt-8 on Xotx2 expression i  these 
or subsequent experiments. However, qualitatively, ourre- 
sults suggest hat exposure of dorsal mesodermal cells to 
either lithium or Wnt signals reduces their ability to induce 
anterior, but not posterior, neural structures. 
Further analysis revealed that both lithium and Xwnt-8 
can interfere with the ability of ectoderm to form anterior 
neural tissue in response to endogenous inductive signals. 
When control mesoderm was conjugated with ectoderm iso- 
lated from embryos in which ectopic Xwnt-8 transcripts 
were targeted to dorsal mesodermal cells (by injection of a 
Xwnt-8 expression plasmid near the dorsal marginal zone 
of 4-cell embryos), these recombinants formed eyes and ce- 
ment gland at frequencies comparable to controls (Table 3, 
recombinant F) and expressedXotx2 at 80% of control levels 
(Fig. 8, compare E and H). Wnt proteins are poorly diffusible 
and thus Xwnt-8 protein synthesized within dorsal meso- 
dermal ceils would be unlikely to be able to activate the 
Wnt-signaling pathway within distally located ectodermal 
cells prior to their emoval at stage 10. In contrast, similar 
conjugates of control mesoderm with ectoderm that was 
isolated from embryos in which ectopic Xwnt-8 transcripts 
were targeted to ectodermal, rather than mesodermal cells 
(by injection of Xwnt-8 expression plasmid near the animal 
pole of 4-cell embryos), failed to form eyes (Table 3, recom- 
binant G) and failed to express Xotx2 (Fig. 8P). This result 
is consistent with the previously reported ability of Xwnt- 
3A and fl-catenin to act upon ectodermal cells to posterio- 
rize the fate of neural tissue induced by noggin or follistatin 
(McGrew et aI., 1995). Finally, ectoderm isolated from lith- 
ium-treated embryos, or ectoderm treated with lithium as 
an explant, failed to form eyes when conjugated with con- 
trol dorsal mesoderm (Table 3, recombinant H and I, respec- 
tively), and expressed greatly decreased levels of Xotx2 rela- 
tive to control recombinants (Fig. 8, compare E and I, M 
and O). Expression of N-CAM (Fig. 8) and En-2 (data not 
shown) was not perturbed in these recombinants, demon- 
strating that Xwnt-8 and lithium did not interfere with in- 
duction of posterior neural tissue. Together, these results 
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suggest hat Xwnt-8 and lithium can act directly upon in- 
ducing (dorsal mesodermal) cells, or upon responding (ecto- 
dermal) cells, to block induction or patterning of anterior, 
but not posterior, neural tissue. 
DISCUSSION 
Exposure of Xenopus Gastrulae to Ectopic Xwnt-8 
or Lithium Ions Causes a Loss of Forebrain 
Previous tudies have shown that when Xenopus gastru- 
lae are exposed to lithium ions or are made to express ec- 
topic Xwnt-8, they display a loss of anterior neural struc- 
tures (Yamaguchi and Shinagawa, 19891 Christian and 
Moon, 1993). In the current study, we have analyzed the 
expression of molecular markers of anteroposterior neural 
fate in these embryos in order to delineate the specific re- 
gions of the CNS which are deleted. Our results suggest 
that the primary neural patterning defect in lithium-treated 
and in Wnt-misexpressing embryos is deletion of the fore- 
brain. The similarity in phenotype produced by either lith- 
ium or Wnts, along with similarity in the mechanism un- 
derlying this phenotype (see below), suggests that the loss 
of anterior pattern produced by lithium is due primarily to 
intracellular activation of the Wnt-signaling pathway, 
rather than to pleiotropic effects. Nevertheless, we cannot 
rule out the possibility that lithium interacts with unre- 
lated signaling cascades. 
Although it is not possible to regulate the developmental 
stage at which embryos are exposed to Wnt ligands, since 
soluble, bioactive Wnt protein is not available, we have 
used transient exposure to lithium as a tool to compare 
patterning defects produced by activation of the Wnt path- 
way at different imes during gastrulation. We observe a 
progressive loss of first rostral and then caudal portions of 
the forebrain when embryos are treated with lithium at late 
or early stages of gastrulation, respectively. This loss of 
forebrain is reflected in the complete loss of expression of 
both X-d113 and Xwnt-8b, while expression of genes pecific 
for more caudal regions of the brain (En-2 and XKrox-20) 
is always maintained. In the most severe cases, midbrain 
positional values are also lost as evidenced by the absence 
of expression of Xotx2. However, given that the loss of mid- 
brain in lithium-treated embryos correlates with the most 
severe phenotype, in which forebrain is completely absent, 
and given that the midbrain has been proposed to be induced 
through an interaction between forebrain and hindbrain 
(Nieuwkoop, 1989), this may not represent a primary defect 
but may be a secondary consequence of the loss of forebrain. 
Somewhat surprisingly, X-d113 staining of the branchial 
arches, which are derived from neural crest cells that origi- 
nate primarily from the rhombencephalic neural tube (Lum- 
sden et al., 1991), is not observed in the most severely af- 
fected embryos, despite the fact that the hindbrain is intact 
in these cases. Further studies will be required to determine 
if these cell populations are lost or fail to migrate due to 
more subtle defects in the hindbrain. 
Within the developing CNS, the forebrain region has been 
proposed to represent a separate morphogenetic field with 
a strong self-organizing capacity. Already by the gastrula 
stage, distinctions between the presumptive forebrain and 
more posterior regions of the CNS are apparent in that the 
presumptive forebrain is derived from ectoderm which over- 
lies prechordal mesoderm, while the midbrain and more 
posterior CNS form from ectoderm overlying chordal meso- 
derm. Furthermore, both the forebrain and the underlying 
prechordal mesoderm lack the convergence-extension 
movements which are characteristic of, and which drive 
the elongation and narrowing of, the more posterior neural 
and dorsal mesodermal derivatives (Keller et al., 1992). 
Along with these differences, a variety of evidence suggests 
that unique signals may be required for the proper induction 
and patterning of the forebrain field (Shawlot and Behringer, 
1995; Bouwmeester t al., 1996). 
Potential Mechanisms Underlying the Wnt- or 
Lithium-Mediated Loss of Forebrain 
Embryological as well as molecular studies support a 
model of neural regionalization i which specification of 
anteroposterior pattern in the CNS occurs in two separate 
steps that overlap temporally (reviewed by Ruiz i Altaba, 
1994). According to this model, inductive signals from the 
dorsal mesoderm first specify all of the overlying ectoderm 
as anterior neural tissue (i.e., forebrain). Subsequently, a 
posteriorizing signal, arranged in a gradient emanating from 
the caudal end of the embryo, dominantly respecifies a por- 
tion of the CNS such that more posterior structures (mid- 
brain, hindbrain, and spinal cord) differentiate. 
Based upon this model of neural patterning, we can envi- 
sion at least three potential molecular mechanisms by 
which lithium or Xwnt-8 might cause a loss of forebrain: 
(1) by acting directly on ectodermal cells to posteriorize 
neural fate, (2) by acting directly on mesodermal cells to 
change their specification, and thus block production of the 
anterior inductive signal, or (3) by acting on either cell type 
to stimulate production of a secondary morphogen which 
then functions as the posteriorizing agent. The evidence for 
or against each of these mechanisms i discussed below. 
Our results, as well as those of others, are consistent with 
the possibility that activation of the Wnt-signaling pathway 
within ectodermal cells directly posteriorizes neural fate. 
We have shown that ectoderm explanted from lithium- 
treated or Xwnt-8-injected embryos has a reduced capacity 
to form anterior structures and expresses lower levels of the 
anterior-specific gene, Xotx2, in response to signals from 
dorsal mesoderm. A previous tudy by McGrew et al. (1995) 
demonstrated that ectoderm ade to misexpress Xwnt-3A 
or fl-catenin differentiates a posterior, ather than anterior, 
neural tissue in response to soluble noggin or follistatin. In 
addition, early embryological studies revealed that ecto- 
derm isolated from lithium-treated gastrulae fails to form 
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morphologically recognizable forebrain structures in re- 
sponse to signals from dorsal mesoderm (Lombard, 1952; 
Masui, 1960; Ogi, 1961; Gebhardt and Nieuwkoop, 1964). 
Our results do not support he hypothesis that activation 
of the Wnt-signaling pathway alters the specification ofdor- 
sal mesodermal cells, or blocks the production of anterior- 
inductive signals. Specifically, we found that expression of 
gsc, noggin, chordin, and folhstat in is not perturbed in lith- 
ium-treated or Xwnt-8-misexpressing gastrulae, suggesting 
that dorsal mesodermal cells from these embryos are speci- 
fied properly. Since follistatin, chordin, and noggin can all 
directly induce ectoderm to form anterior neural tissue 
(Hcmmati Brivanlou et al., 1994; Sasai et al., 1995; Lamb 
et al., 1993), these results also provide evidence that meso- 
dermal cells exposed to lithium or Xwnt-8 are able to gener- 
ate anterior neural inductive signals. 
A final molecular mechanism by which lithium or Xwnt- 
8 might cause a loss of forebrain is by triggering the produc- 
tion of a posteriorizing morphogen that dominantly respeci- 
ties the pattern of neural tissue induced by chordin or nog- 
gin. Consistent with this possibility, we find that dorsal 
mesoderm from lithium-treated embryos, or from Xwnt-8- 
or fl-catenin-misexpressing embryos, is unable to induce 
conjugated ectoderm to form anterior neural tissue despite 
the fact that these cells express normal evels of chordin and 
noggin. Although we cannot entirely rule out the possibility 
that Wnts block the production of a distinct, as of yet un- 
identified, anterior neural-inducing molecule, or that they 
block production of an accessory molecule that is required 
for chordin and/or noggin function, this seems unlikely 
given that the quantity of chordin produced in vivo is suffi- 
cient, in and of itself, to induce ectoderm to form anterior 
neural tissue (Piccolo et al., 1996). 
The hypothesis that Wnts or lithium triggers production 
of a dominant posteriorizing morphogen provides the sim- 
plest explanation for their ability to act upon either ectoder- 
mal or mesodermal cells to posteriorize neural pattern in 
that either cell type might be induced to express the same 
intercellular-signaling molecule. In this case, the ability of 
Wnts or lithium to posteriorize the ectoderm, as described 
above, may not be a direct effect, but may be mediated by 
a subsequent cell-cell interaction. Precedence for the abil- 
ity of Wnts to activate a secondary morphogen, which then 
acts over a distance to mediate cell fate decisions, exists 
both in vertebrate (He et al., 1995; Guger and Gumbiner, 
1995; Pierce and Kimelman, 1995; Cui et al., 1996) and in 
invertebrate (Diaz-Benjumea and Cohen, 1994) species. 
Mechanistically, both noggin (Zimmerman et aI., 1996) 
and chordin (Piccolo et al., 1996) induce anterior neural 
tissue by binding to and inactivating the epidermalizing 
factor, bone morphogenetic protein-4 (BMP-4). Although it 
is possible that Wnt signals alter neural pattern by upregu- 
lating expression of BMP-4, preliminary analysis of BMP-4 
expression i  Xwnt-8-misexpressing embryos does not sup- 
port this hypothesis (Christian, unpublished ata). Further- 
more, while upregulation ofBMP-4 can induce neural cells 
to adopt an epidermal fate (reviewed by Harland, 1994), 
there is no evidence that BMPs can impart posterior pattern 
on these cells. Alternatively, members of the fibroblast 
growth factor (FGF) family are appropriate candidates for 
the putative posteriorizing morphogen described above 
(reviewed by Doniach, 1995). The recent finding that 
transgenic embryos expressing a dominant negative FGF 
receptor display normal anterior-posterior patterning, how- 
ever, suggests that FGF signaling may not play a role in 
regionalization of the CNS (Kroll and Amaya, 1996). 
The developmental period during which the neural ecto- 
derm is competent to be posteriorized extends from mid- 
to late-gastrula stages until the late neurula stage (Niewu- 
koop and Albers, 1990). Several members of the Xwnt fam- 
ily, including Xwnt-1, -3A, -4, -8, and -11 are expressed in 
the posterior mesoderm and/or neural ectoderm during this 
time and thus are candidates for potential posteriorizing 
agents. Among these, Xwnt-4 and Xwnt-l l  are less likely 
candidates since they have been shown to have biological 
activities that are distinct from those of Xwnt-1 and -8 (Du 
et aI., 1995). 
In addition to the above molecular mechanisms which 
might underlie the Wnt-mediated loss of forebrain, previous 
studies have suggested a causal role for mesodermal involu- 
tion in the extent of differentiation f anterior neural deriva- 
tives (e.g., Gerhart et al., 1991). Specifically, even if all of 
the molecular signals necessary for anterior patterning are 
intact, these signals may be masked by the failure of dorsal 
mesodermal cells to involute during gastrulation, thereby 
allowing a complete overlap between anterior-inducing and 
dominant, caudally derived, posteriorizing signals. Our 
demonstration that the extent of mesoderm involution in 
lithium-treated embryos correlates with the rostral extent 
of forebrain development is consistent with the possibility 
that the degree of anterior completeness reflects the amount 
of overlap between anteriorizing and posteriorizing signals. 
Although we cannot rule out the possibility that misalign- 
ment of mesoderm and ectoderm contributes to the loss of 
anterior pattern in lithium- or Wnt-exposed embryos, this 
is not the sole cause since ectoderm isolated from these 
embryos does not form anterior structures, even when di- 
rectly conjugated with dorsal mesoderm. 
In summary, our studies have revealed that activation of 
the Wnt-signaling pathway within either mesodermal or 
ectodermal cells of gastrulating Xenopus embryos leads to 
a loss of forebrain. Furthermore, our results upport amodel 
in which Wnt signals can act upon either cell type to trigger 
the production of a dominant posteriorizing morphogen. 
Further studies will be required to substantiate his hypoth- 
esis, and to establish the identity of this morphogen. 
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